Abstract Venous thromboembolism (VTE) is common in patients with sickle cell disease (SCD). The etiology of increased risk of VTE in SCD patients is multifactorial and is related to both traditional factors and SCD-specific factors. Traditional risk factors such as central venous catheters, frequent hospitalization, orthopedic surgeries for avascular necrosis, and pregnancy may lead to increased incidence of VTE in the SCD population. In addition, SCD itself appears to be a hypercoagulable state, and many SCD-specific factors such as thrombophilic defects, genotype and splenectomy may modify the risk of VTE. SCD complications such as acute chest syndrome and pulmonary hypertension may also be related to VTE. Anticoagulation experts should be aware of these factors to help inform prophylaxis and treatment decisions.
Introduction
Sickle cell disease (SCD) is an inherited disorder resulting in the production of abnormal hemoglobin (hgb S) that polymerizes in hypoxic conditions to form sickle-shaped red blood cells (RBCs) . While historically the pathophysiology of the clinical complications of SCD was attributed solely to direct entrapment of deformed RBCs in the microcirculation [1] , it is now recognized that various complex mechanisms, and importantly hypercoagulability, contribute considerably to disease pathology. The mechanisms of hypercoagulability in SCD are vast, including enhanced platelet function [2] [3] [4] , activation of the coagulation cascade [5, 6] , and impaired fibrinolysis [7] . These perturbations are partly due to alterations in sickled RBC structure leading to intravascular hemolysis and externalization of highly procoagulant phosphatidylserines on the RBC membrane [8] . Circulating free hemoglobin in the setting of hemolysis also causes nitric oxide depletion, which leads to chronic vasoconstriction and platelet activation [9] . In addition, vaso-occlusion of sickled RBCs contributes to decreased blood flow and local vascular ischemic injury. In fact, every aspect of Virchow's triadincreased coagulability, endothelial dysfunction, and impaired blood flow-is present in patients with SCD and results in a highly thrombogenic environment [10] .
Despite the known association between hypercoagulability and SCD, venous thromboembolism (VTE) is often overlooked as a major complication of SCD [11] . Thrombotic complications such as stroke in pediatric SCD patients have been more robustly characterized, in part, because VTE is primarily a complication of adults and has only been recently recognized with advances in therapies and increased survival of SCD patients. In addition, risk of VTE in SCD patients is influenced by factors outside the disease itself such as hospitalization and catheter use. However, VTE affects nearly one-quarter of adult patients and appears to be a risk factor for death in SCD [11, 12] ; therefore, management by anticoagulation experts is an essential part of care for the SCD population.
Incidence/prevalence of VTE in SCD Several studies have evaluated the prevalence of VTE in SCD patients and provide some insight into the burden of this complication in adult SCD patients. The largest study performed using the National Hospital Discharge Survey evaluated 1,804,000 SCD admissions from 1979 to 2003 and found that the prevalence of pulmonary embolism (PE) in hospitalized SCD patients \40 years of age was approximately 3.5 times higher than African-American controls [13] . Notably, the mean age of PE in SCD patients was 28 years compared to 57 years among controls, reflecting a high thrombotic risk among young SCD patients. Although the prevalence of deep venous thrombosis (DVT) was not found to be significantly increased in SCD compared to controls in that study, SCD patients with DVT were similarly much younger than controls, with a mean age of 31 years at diagnoses of DVT in patients with SCD compared to 54 years in controls. A second inpatient study demonstrated a nearly 50-100-fold increased annual incidence of PE in hospitalized SCD patients compared to non SCD patients \50 years old [12] . In our institution, we have noted that 25 % of our adult SCD patients have a history of VTE with a median age at first VTE of 30 years [11] . These prevalence and age data are similar to those observed in family cohorts of patients with high-risk thrombophilias such as antithrombin III, protein C, and protein S deficiency [14] , and underscore the potent thrombophilic environment of SCD.
Risk factors for VTE in SCD patients
Although SCD itself is associated with underlying hypercoagulability, several factors modify the risk of VTE in this population. Traditional risk factors such as high use of central venous catheters, frequent hospitalization, high-risk surgeries such as orthopedic surgery for avascular necrosis (AVN), and pregnancy significantly influence VTE risk in SCD patients. Furthermore, SCD-related factors such as an increased prevalence of certain thrombophilic defects, genotype, and history of splenectomy can also alter VTE risk. These factors are summarized in Table 1 .
Traditional risk factors

Central venous catheters
Central venous catheters (CVC) are commonly used in SCD, and therefore are a significant trigger for VTE. Approximately 30 % of adult SCD patients have experienced a CVC-related VTE, 80 % of which occur in patients with hemoglobin SS or Sb 0 , reflecting the high use of catheters in more severe genotypes [11] . Reasons for CVC use in SCD include poor venous access, chronic transfusion therapy, recurrent complications, and long-term antibiotics [15, 16] . While partially implantable tunneled and non-tunneled lines are still frequently used for acute complications, totally implantable venous access devices (TIVAD) are being increasingly utilized in SCD patients as a more sterile and convenient alternative in patients who require frequent intravenous access or transfusion therapy [15] [16] [17] [18] [19] . As summarized in Table 2 , the incidence of symptomatic CVC-related VTE in SCD patients appears to be high in both adult and pediatric populations. Studies including adult SCD patients have demonstrated that 12-30 % of TIVADs are complicated by VTE with an incidence ranging from 0.18 to 0.99 VTE events per 1,000 catheter days. Pediatric-only studies have also shown high incidence of thrombotic complications (15-16 % per CVC) in SCD patients [16, 18] . In contrast, studies investigating clinically symptomatic CVC-related VTE in cancer patients report VTE incidence ranges of 0.3-28.3 % per catheter in adult patients, with substantially lower VTE rates in pediatric populations (0-3.1 % in most studies) [20] . The high CVC-VTE rates in SCD pediatric patients may be due to the significant underlying hypercoagulability in SCD or differences in CVC-related factors such as type of catheter or duration of CVC implantation [18, 20] . Furthermore, the observed high incidence of catheter-related VTE in pediatric SCD patients is seen in other chronic inheritable diseases such as cystic fibrosis, and may reflect increased coagulability in the setting of chronic illness and inflammation [21] .
Hospitalization
Frequent hospitalization is often required in patients with SCD secondary to vaso-occlusive pain crisis and complications such as acute chest syndrome (ACS). A large database study using identified records found that SCD patients had a average of 1.5 hospitalizations per year, with rates as high as 2.0 average inpatient stays per year in the 18-30 year old group. In addition, among those hospitalized, 33 % of SCD patients required re-hospitalization within 30 days [22] . However, despite high average hospitalization rates, hospital utilization differs significantly among SCD patients, with 20 % of patients accounting for over 50 % of hospital days [23] .
Intensive care unit (ICU) admissions are also common in SCD secondary to severe complications such as ACS, multiorgan failure, and neurologic sequelae such as stroke. One study found that 38/500 SCD patients (8 %) required at least one ICU admission within an 8 year follow-up period [24] . In addition, in SCD patients with ACS, nearly 13 % require an ICU admission for mechanical ventilation during their course [25] .
Surgery SCD patients are predisposed to many disease-specific complications that require surgical intervention and may be associated with post-surgical VTE risk. Chronic hemolysis leads to the development of pigment stones and gallbladder disease necessitating cholecystectomy in nearly 50-70 % of patients by adulthood. AVN occurs in SCD in 20-50 % of SCD patients [26, 27] , and ultimately necessitates total hip arthoplasty in 10 % of patients [28] . Other orthopedic surgeries such as hip core decompression, debridement, and shoulder replacement are also common, and as SCD patients survive longer, the need for orthopedic interventions secondary to AVN will likely increase [27] .
Pregnancy
Pregnancy-related thrombotic complications in SCD patients have been demonstrated to be higher than that of controls. In one study of nearly 18,000 SCD deliveries, both cerebral vein thrombosis and DVT were more common in women with SCD than those without SCD [29] . A second large database study of over 14,000 pregnancyrelated VTE events found that SCD was a significant risk factor for VTE, with a similar degree of risk as lupus [30] .
SCD-specific risk factors
Thrombophilic defects SCD is associated with several thrombophilic defects that may contribute to hypercoagulability. Antiphospholipid antibodies, which have known prothrombotic properties, are commonly identified in SCD patients. The high frequency of antiphospholipid antibodies is thought to be secondary to structural changes in sickled red cell membranes, such as phosphatidylserine exposure, and lipid degradation in the setting of oxidative stress [6, 31] . One study that measured IgG, IgA, and IgM titers of various antiphopholipid antibodies, including phosphatidylserine and cardiolipin, found that the patients with SS disease had elevated IgG levels of all measured antiphospholipid antibodies. A subset of patients were noted to have thrombotic complications such as stroke, though none had a history of VTE by report [6] . In addition, a functional assay (Kaolin clotting time) was evaluated in one study and found that nearly 20 % of SCD patients with chronic leg ulcers demonstrated the presence of a lupus anticoagulant [32] . In addition to antiphospholipid antibodies, decrease in protein C and protein S activity and antigen levels have been noted in SCD patients [6, 33, 34] . The low circulating protein C and S levels may be due to chronic consumption in the setting of increased tissue factor expression and activation of coagulation on the surface of sickled red blood cells with phosphatidylserine externalization [7] . The degree of deficiency does not correlate with incidence of vaso-occlusive pain crisis [33] ; however, protein S and C activity does appear to be correlated to a history of stroke in pediatric patients [35, 36] . Mean baseline activity levels in patients with prior stroke have been noted to be as low as 47 % for protein S and 52 % for protein C [35, 36] .
Given the baseline changes in antiphospholipid antibodies and protein S and C levels, these thrombophilia [37] . Similarly, inherited thrombophilic mutations such as Factor V leiden and the prothrombin G20210A mutation are not prevalent in patients with SCD, likely secondary to low allele frequency in African populations [7] .
Splenectomy
Surgical splenectomy is a significant risk factor for VTE in hereditary hemolytic conditions such as b-thalassemia and hereditary spherocytosis [38, 39] . While the observed association between splenectomy and VTE may be related in part to disease severity, a pathophysiologic basis for an increase in post-splenectomy thrombotic risk has been hypothesized. Splenectomy is thought to contribute to hypercoagulability by resulting in elevated levels of circulating abnormal red blood cells, increase in intravascular hemolysis, and postsplenectomy thrombocytosis [40] . In a large study of 8,860 adult patients with b-thalassemia, 1 % of b-thalassemia major patients and 4 % of patients with b-thalassemia intermedia reported a history of VTE. In that series, 93 % of patients with VTE had an antecedent history of surgical splenectomy [38] . In a subsequent cohort study of 584 patients with b-thalassemia intermedia, the rate of prior splenectomy was significantly higher in patients with VTE (22 %) compared to those who had not developed venous thrombosis (4 %) [41] . In patients with hereditary spherocytosis, a similarly high incidence of VTE has been observed in post-splenectomy patients compared to those with intact spleens and, interestingly, the risk of VTE appears to persist for years to decades following splenectomy [39] . In patients with SCD, splenic auto-infarction affects the majority of children with hemoglobin SS disease by age 1 year and a large proportion of patients with SC disease by mid-childhood [42, 43] . While it is hypothesized that functional asplenia may contribute to underlying hypercoagulability in SCD [40] , no formal studies have evaluated the role of functional asplenia on thrombotic risk in SCD patients. At our institution, we have evaluated the prevalence of surgical splenectomy to VTE in our patients with sickle variant genotypes (SC and Sb?thalassemia) and have found that 27 % of patients with VTE had a history of splenectomy compared to 6 % without VTE, which may suggest that splenic dysfunction results in increased VTE risk in SCD as is seen with other hemolytic disorders.
Genotype
Sickle cell genotype has been shown to modify the risk of SCD complications and may reflect a balance between hemolytic rate, endothelial dysfunction, vaso-occlusion, and viscosity [44] . While patients with hemoglobin SS genotype demonstrate a high prevalence of hemolysisrelated vascular complications such as leg ulcers and pulmonary hypertension [44] , patients with hemoglobin SC experience an increased frequency of viscosity-related events such as retinopathy and renal papillary necrosis [45] . The relationship between genotype and VTE has not been fully defined; however, non-catheter-related VTE does appear to be more common in adult patients with sickle cell variant genotypes such as SC and Sb?thalassemia compared to those with hemoglobin SS or Sb 0 thalassemia [11, 45] . Autopsy studies have also verified a higher prevalence of PE in patients with SC and Sb?thalassemia compared to those with hemoglobin SS [46] . Therefore, elevated baseline hemoglobin and increased viscosity may play a role in the development of VTE in SCD.
Relationship of VTE to SCD complications
Acute chest syndrome ACS is a leading cause of morbidity and mortality in patients with SCD. While the etiology of respiratory dysfunction in SCD is multifactorial, pulmonary fat embolism and infection contribute to ACS in a significant proportion of cases [25] . Although PE is not often cited as a cause of ACS, there is some evidence that pulmonary arterial thrombi are frequently found in SCD patients with ACS. One study of 144 ACS events found that 17 % of cases had pulmonary thrombi on computed tomography, with most cases demonstrating filling defects in the main pulmonary artery or segmental branches [47] . In that report, density of the thrombi, measured in Hounsfield units, were measured to differentiate pulmonary thrombi from fat embolism. Lower extremity compression ultrasonography performed at the time of the ACS episode did not detect DVT in any of the cases, although two patients were noted to have infra-popliteal thrombosis. This may suggest that pulmonary thrombosis during ACS is an in situ, rather than embolic phenomenon in some cases [47] . In addition, the largest study of ACS in predominantly pediatric patients, noted that pulmonary emboli were the most common cause of death in ACS, although differentiation between VTE and fat embolism could not be determined [25] . Given the uncertainty of the etiology of pulmonary arterial thrombosis in ACS, anticoagulation practices vary widely. Pediatric physicians do not commonly prescribe anticoagulation in ACS [48] , whereas treatment-dose anticoagulation is frequently used in adult patients with positive radiography [47] .
Pulmonary hypertension
Pulmonary hypertension has been increasingly recognized as a prevalent complication in adults with SCD, affecting approximately 10 % of patients and resulting in an increased risk of death [49] . Although not generally considered a major cause of pulmonary hypertension, chronic thromboembolic pulmonary hypertension has been noted in patients with SCD. One study found that 6/27 of SCD patients with pulmonary hypertension had a high probability ventilation-perfusion scans, three (12 %) of which were consistent with patterns observed in chronic thromboembolic pulmonary hypertension [50] . In addition, one small autopsy study demonstrated that up to 50 % of patients with pulmonary hypertension defined by right ventricular hypertrophy had evidence of proximal vessel pulmonary thrombi [51] . Successful pulmonary endarterectomy has also been described in a patient with hemoglobin SC disease and known chronic thromboembolic pulmonary hypertension [52] .
Underlying hypercoagulability may also contribute to the pathogenesis of elevated pressures in pulmonary hypertension patients without chronic thromboembolic disease. Autopsy studies of SCD patients have demonstrated diffuse in situ thrombi in the pulmonary vessels of a majority of patients with pulmonary hypertension [51, 53] . Markers of coagulation also appear to be increased in SCD patients with echocardiography-defined pulmonary hypertension [54] . Echocardiography-defined pulmonary hypertension also appears to be more common in SCD patients with a history of VTE [11] , which may suggest a pathogenic link between the small vessel thrombi seen in SCD patients with pulmonary hypertension and VTE.
VTE management
Anticoagulation
To date, there have been no studies to inform anticoagulation practices in patients with SCD. Small pilot studies have investigated anticoagulant agents such as warfarin, acenocoumarol, and heparin to prevent complications such as vaso-occlusive crisis in SCD [55] , but trials evaluating anticoagulation for VTE treatment and prevention are lacking. Anticoagulation management of symptomatic VTE, therefore, currently relies on established general guidelines for VTE management [56] . Because VTE recurrence is common in SCD [11] , care should be taken to elicit a comprehensive history of prior VTE to inform treatment duration decisions.
Similar to treatment of VTE, there are no diseasespecific guidelines for VTE prophylaxis for high-risk situations in SCD patients. Because frequent hospitalization and ICU admissions are a significant problem in SCD, decisions to prescribe VTE prophylaxis for inpatients should be tailored to the SCD population. Current recommendations rely on individual assessment of thrombotic and bleeding risk factors to determine the need and mode of VTE prophylaxis for hospitalized patients [57] . Characteristics such as age are often used to determine VTE risk but, because VTE risk appears to be high at a young age in SCD, strict age cut-offs may not be appropriate. In addition, because degree of anemia may also influence decisions regarding the risk of bleeding, awareness of baseline hemoglobin values for SCD patients, which often range from 7 to 8 g/dL in hemoglobin SS patients, should be considered so that the risk of bleeding is not overestimated. Prophylactic anticoagulation for orthopedic surgery or pregnancy should similarly be prescribed based on general current practices [58, 59] . For pregnancy, a targeted history of prior VTE is imperative since many women with SCD may have had a history of VTE prior to their pregnancy and prophylaxis decisions often rely on prior events [60] .
Current recommendations regarding VTE treatment monitoring with d-dimer levels cannot be reliably applied to patients with SCD. Because people with SCD have chronic activation of the coagulation cascade [55] , baseline d-dimer levels are increased compared to controls and have been found to fluctuate with complications such as vasoocclusive crisis [34, 61] ; therefore, at this time, d-dimer should not be used to guide VTE diagnosis or treatment decisions in SCD.
Other therapies
Although transfusion appears to decrease the risk of VTE in patients with b-thalassemia [41] , chronic transfusion therapy is not currently used for VTE management in SCD patients. Similarly, hydroxyurea, which is a mainstay of treatment in SCD patients, appears to be associated with decreased markers of coagulation [62] , however, its effect on VTE risk is not known.
Conclusions
VTE is a significant cause of morbidity and mortality in SCD patients. Anticoagulation experts should be aware of the risk factors and complications of VTE in patients with SCD to ensure that appropriate prophylaxis and treatment decisions are made.
